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The radiative impact of water ice clouds from a reanalysis
of Mars Climate Sounder data
L. J. Steele1, S. R. Lewis1, andM. R. Patel1
1Department of Physical Sciences, The Open University, Milton Keynes, UK
Abstract The radiative impact of water ice clouds on the atmosphere of Mars is analyzed via a
reanalysis of Mars Climate Sounder (MCS) temperature and ice opacity proﬁles. Polar hood clouds only
have a small radiative impact, while tropical clouds increase diurnally averaged temperatures at the 10 Pa
level by ∼10–15 K. Cloud radiative heating strengthens the meridional overturning circulation, increasing
temperatures in the polar warmings by ∼6–8 K and temperatures in the tropics by ∼2 K (due to increased
dust mass). The positions and wind speeds of the tropical and high-latitude jets are also modiﬁed through
changes to the meridional temperature gradients. An eﬀective ice particle radius of reﬀ = 1.4 μm produces
temperatures around the aphelion cloud belt in close agreement to MCS temperature retrievals. For
high-altitude tropical clouds during northern autumn, a better agreement is found using reﬀ = 0.8 μm.
1. Introduction
Recent observations and modeling studies have begun to reveal the importance of water ice clouds in terms
of modifying the atmospheric temperature structure and circulation on Mars. For example, studies of tem-
perature inversions observed by Mars Pathﬁnder and Mars Global Surveyor [Magalhães et al., 1999; Hinson
and Wilson, 2004] and surface temperature anomalies in Thermal Emission Spectrometer (TES) retrievals
[Wilson et al., 2007] all suggest that clouds have important roles to play, producing local heating and cooling
depending on location and time of day.
Modeling studies using both 1-D microphysical models and Mars global climate models (MGCMs) have
shown that cloud radiative eﬀects can account for the observed temperature inversions [Colaprete and Toon,
2000] and intensify tides [Hinson and Wilson, 2004; Kleinböhl et al., 2013]. Cloud radiative eﬀects have also
been shown to increase temperatures directly in the tropics, and indirectly over the poles through stronger
meridional circulation [Wilson et al., 2008;Madeleine et al., 2012]. More recently,Wilson and Guzewich [2014]
used both modeling and MCS data to reveal the relationship between water ice clouds and the tropical
temperature structure.
However, as the radiative impact of clouds is dependent upon the location and time of day in which they
form, the results of modeling studies will be aﬀected by incorrect predictions of cloud locations and/or
opacities.Wilson et al. [2008] overcame this problem by assimilating TES nadir temperature proﬁles into
an MGCM that did not include radiatively active clouds and attributing the tropical temperature diﬀer-
ences (compared to an experiment with identical dust but no thermal assimilation) to the presence of
clouds. However, the results were limited by the vertical extent of the TES nadir temperature proﬁles (which
only extend to ∼40 km altitude), and processes other than clouds may be responsible for some of the
temperature diﬀerences.
Here we investigate the radiative impact of clouds on the atmospheric temperature structure and circu-
lation by using a data assimilation scheme to construct a four-dimensional time-space map of water ice
opacities. This is used by the MGCM to produce the radiative forcing associated with clouds. This procedure
allows clouds to be inserted into the model at the correct time and location, and with the correct opac-
ity, producing the most realistic state from which to analyze cloud radiative eﬀects. The resulting data set
allows a detailed study of the atmospheric state that is not possible using observations or models alone.
The increased vertical coverage of the MCS temperature retrievals compared to the TES retrievals allows the
radiative eﬀects of clouds to be studied to higher altitudes than has previously been possible. The results are
also compared against an assimilation of MCS temperature proﬁles.
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2. Data andAssimilationMethod
2.1. Mars Climate Sounder Data
The temperature and ice opacity proﬁles are from the MCS instrument aboard the Mars Reconnaissance
Orbiter spacecraft (version 3, level 2 retrievals on the Planetary Data System atmosphere node), which
extend to an altitude of ∼85 km, with a vertical resolution of ∼5 km [McCleese et al., 2010]. The observa-
tions comprise two sets of 12 strips of data per sol, separated by ∼30◦ in longitude, and occur at local times
around 3A.M. and 3 P.M. away from the poles. The period chosen for study is Mars Year (MY) 30 (where MY
follows the designation of Clancy et al. [2000]), as it comprises a more complete data set than other years,
with∼1000–2500 proﬁles available for assimilation each sol. Retrievals are not included in this data set when
the water ice opacity exceeds 0.004 km−1, so there will be a slight bias toward lower opacity clouds.
Prior to assimilation the ice opacities per kilometer are multiplied by a factor of 3.1 to convert them from
infrared wavelengths at 12 μm to visible wavelengths at 670 nm [Kleinböhl et al., 2011]. These are then inter-
polated to obtain layer opacities, d𝜏l , on a set of 21 pressure levels, l, spaced 5 km apart and ranging from
−10 km to 95 km (with the reference level of 610 Pa corresponding to z = 0 km).
2.2. Model and Assimilation Method
The MGCM used for this study results from a collaboration between the Laboratoire de Météorologie
Dynamique (LMD), the University of Oxford, and The Open University. The model [see Lewis et al.,
2007] combines the most recent LMD physical schemes with a spectral dynamical core, an energy and
angular-momentum conserving vertical ﬁnite-diﬀerence scheme, and a semi-Lagrangian advection scheme
for tracers. Dust is free to be transported by the model using a two-moment scheme [Madeleine et al., 2011],
but the total dust optical depth in each column (and hence the dust mass and number mixing ratios in each
layer) is scaled to match a total dust optical depth obtained from weighted binning and kriging of space-
craft data [Montabone et al., 2014]. The model is run with a physical grid resolution of 5◦ in latitude and
longitude, and there are 35 vertical levels in sigma coordinates, extending to an altitude of ∼85 km. For the
current study there is no water cycle included in the simulations, as we wish to analyze the radiative impact
of clouds compared to a cloud-free atmosphere.
The data assimilation scheme is a modiﬁed form of the Analysis Correction (AC) scheme, originally devel-
oped for use at the UK Met Oﬃce [Lorenc et al., 1991] and later retuned for Martian conditions [Lewis et al.,
1997] and veriﬁed using independent radio occultation data [Montabone et al., 2006]. Temperature proﬁles
are assimilated with the method used previously for TES assimilations, with temperatures compared in the
form of layer thicknesses [see Lewis et al., 2007]. For the ice opacity assimilation, the opacities in each pro-
ﬁle are converted from observation levels l to model levelsm (assuming the opacity varies linearly with ln p),
and then the opacity increment Δ𝜏m = d𝜏obsm − d𝜏
model
m is calculated. As the model is run without a water
cycle, the d𝜏modelm term represents the previously assimilated data interpolated horizontally to the current
observation location.
The background vertical correlations are approximated by a Gaussian function of the form
𝜇vml = exp
[
−𝛽 ln2(Pm∕Pl)
]
, (1)
where Pm and Pl represent the pressures at the midpoints of layersm and l, and 𝛽 is a dimensionless param-
eter. For this study we set 𝛽 = 8. This form of the function has a relatively steep slope (which was chosen
because ice clouds can form in shallow discrete layers) but still allows the spreading of data to one or more
model levels.
Once the vertical assimilation step has been completed, the increments Δ𝜏m on each model levelm are
then spread horizontally to other model grid points using the method described in Lewis et al. [2007]. As
the assimilated ice opacity ﬁeld is not coupled to the model’s water cycle, the ice opacity in a grid box no
longer being updated by the assimilation scheme is decreased toward zero following a sinusoid with a
relaxation time of 2 sols. This relaxation also helps to produce a diurnal variation in the ice opacities, which
might not be accounted for by the assimilation process alone (due to the lack of local time variation in the
observations). The true diurnal cycle is unlikely to be captured though, particularly in the tropics where
daytime retrievals are sparse below ∼50 Pa. This may aﬀect the calculated heating rates and the resulting
temperature ﬁeld.
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Figure 1. Time and zonal mean temperature diﬀerences (a–c) TIA − TCR and (d–f ) TIA − TTA for three periods of MY 30. Black contours show log10 (infrared water
ice opacity per kilometer) at −[3.6, 3.3, 3.0, 2.7] log units; compare with McCleese et al. [2010]. Grey shading represents topography.
With this procedure, the assimilation scheme is in essence being used to build a four-dimensional
time-space map of water ice opacities which is used by the model to produce the radiative forcing associ-
ated with clouds. To calculate the single-scattering parameters required by the radiative transfer scheme,
the eﬀective radius, reﬀ, and variance, 𝜈eﬀ, of the ice particle distribution need to be supplied. We use the
same values used in the MCS radiative transfer scheme (reﬀ = 1.4 μm and 𝜈eﬀ = 0.15 [see Kleinböhl et al.,
2011]), which were chosen as a compromise between the range of observed particle sizes.
2.3. Simulations Performed
Three simulations were performed to investigate cloud radiative eﬀects. The initial conditions were obtained
from a 6 year model spin-up from rest using the two-moment dust scheme, with the dust mass and num-
ber mixing ratios in each layer scaled by the Montabone et al. [2014] MY 30 dust scenario. The ﬁrst is the
control run (referred to hereafter as CR) in which dust and CO2 are the only atmospheric constituents that
are transported and inﬂuence the radiative transfer. Next, assimilations of MCS ice opacity proﬁles (referred
to as IA for “ice assimilation”) and temperature proﬁles (referred to as TA for “temperature assimilation”)
were performed using the same model and initial conditions as the CR. Comparison between the CR and IA
allows the radiative impact of clouds to be investigated, while comparison between the IA and TA allows the
performance of the IA and any remaining temperature biases to be assessed.
3. The Radiative Impact of Clouds
The impact of the assimilated clouds on atmospheric temperatures can be seen in Figures 1a–1c, which
show the TIA − TCR temperature diﬀerences. These three periods capture the main cloud features seen on
Mars: the aphelion cloud belt (ACB) and the north and south polar hoods (SPH). The temperature changes
are the result of both the direct radiative impact of clouds and the indirect impact caused by changes to the
atmospheric circulation.
3.1. Direct Radiative Impact
In the tropics and midlatitudes there is an increase in temperature both at and above the cloud level. This
increase is ∼10–15 K during northern summer and winter (Figures 1a and 1c) but is > 30 K during northern
autumn (Figure 1b). The increased heating in autumn is the result of the clouds in the tropics being located
around 20 km higher compared to during northern summer. This results in larger density-scaled opacities,
and it is this quantity which is related to heating rates [e.g., Heavens et al., 2010]. The location of increased
temperatures in the tropics between LS = 90◦–120◦ is comparable to that found byWilson et al. [2008]
and Madeleine et al. [2012], though the peak temperature increase is ∼5 K larger here. Additionally, while
comparisons with TES retrievals in theWilson et al. [2008] andMadeleine et al. [2012] studies only extend to
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Figure 2. Time and zonal mean heating rate diﬀerences, ΔH = HIA − HCR, around (a–c) northern summer and (d–f ) autumn. Longwave diﬀerences are shown
for both 3 A.M. and 3 P.M. (Figures 2a, 2b, 2d, and 2e), while shortwave diﬀerences are only shown for 3 P.M. (Figures 2c and 2f ). Contours and grey shading as
in Figure 1.
around 10 Pa, these results show that increased temperatures associated with clouds extend a further two
pressure scale heights to around 1 Pa.
The polar hoods are generally the most optically thick clouds, but as can be seen in Figures 1b and 1c,
they have very little impact on the local atmospheric temperature structure. During northern autumn
the temperatures over the North Pole are only ∼2–4 K cooler than in the simulation without clouds, and the
temperature diﬀerences are even smaller during northern winter. At the South Pole there is a reduction in
temperature of ∼6–8 K caused by the SPH. The reason for the small radiative impact of the polar hoods is
related to the low altitude at which they form (resulting in a small density-scaled opacity) and a smaller tem-
perature diﬀerence between the surface and cloud-forming height (leading to less signiﬁcant absorption
of upwelling radiation). This is in contrast to the 10–15 K cooling caused by polar hoods in the simulation of
Madeleine et al. [2012], which resulted from the clouds being too optically thick.
Figure 2 shows the heating rate diﬀerence between the IA and CR for the northern summer and autumn
periods, and for 3 A.M. and 3 P.M. local times (longwave) and 3 P.M. only (shortwave). Tropical clouds pro-
duce local heating of ∼10–30 K sol−1 during the day and cooling of ∼5–10 K sol−1 at night (dependent on
season and cloud thickness). Clouds also impact on shortwave heating (see Figures 2c and 2f), with daytime
shortwave heating rates near the cloud tops peaking at ∼5 K sol−1 in northern summer and ∼10 K sol−1 in
northern autumn.
3.2. Indirect Radiative Impact
While the temperature changes discussed above result mainly from the direct radiative eﬀects of
the clouds, there will also be a component related to the changing atmospheric circulation and the
associated redistribution of other atmospheric constituents (in this case dust). For example, Figure 3 shows
the mean meridional circulation that results from the IA (𝜓IA, contours) and the 𝜓IA − 𝜓CR diﬀerence
(shading). The inclusion of cloud radiative eﬀects generally results in a strengthening of the overturning
cells in each period, with a 50% increase in transport away from the centers of the cells, and peak increases
approaching 200% in the upwelling and downwelling branches in Figures 3a and 3c. The strengthening of
the Hadley cells causes dust in the tropics to be transported higher into the atmosphere. At 100 Pa (∼20 km
altitude), the dust mass mixing ratio is increased by around 40% in northern summer and between 5–10% in
northern winter. This increased tropical dust mass is responsible for around 2 K of the tropical temperature
increases shown in Figures 1a–1c.
As well as redistributing atmospheric constituents, the increasing strength of the meridional circulation also
aﬀects the strength of the polar warmings through increased adiabatic heating in the descending branch
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Figure 3. Mean meridional circulation, 𝜓 , from the IA (black contours, 109 kg s−1) and the 𝜓IA − 𝜓CR diﬀerence (shading)
for three diﬀerent periods. The (solid, dotted) contours represent (clockwise, anticlockwise) circulation. Grey shading
represents topography.
of the overturning cells. As can be seen in Figures 1a and 1c, the presence of clouds results in a temperature
increase of ∼6–8 K in the polar warmings. The impact of clouds during northern autumn is a slight
equatorward shift of both the polar warmings. This results in the negative temperature diﬀerences seen
over both poles above 10 Pa in Figure 1b and the heating rate diﬀerence pattern seen above 10 Pa in
Figures 2d and 2e.
The temperature changes associated both directly and indirectly with clouds alter the meridional temper-
ature gradients, leading (through the thermal wind relation) to changes in jet speeds. In the autumn and
winter hemispheres the cores of the westerly jets are strengthened by ∼10–20m s−1, while over the equator
during northern autumn the easterly jet speed is reduced, with the core speed decreasing from >100m s−1
to ∼40m s−1.
4. ComparisonWith anAssimilation ofMCS Temperature Proﬁles
To study any biases in the IA temperature ﬁeld, a comparison is made against the results of the TA. The
TIA−TTA temperature diﬀerences for the same three periods discussed previously are shown in Figures 1d–1f.
The inclusion of cloud radiative eﬀects produces tropical temperatures at cloud-forming height in the
IA that are in much better agreement with the TA than the CR, with diﬀerences of only a few K. Above
cloud-forming height, the general trend is for atmospheric temperatures in the IA to be too warm compared
to the TA, particularly in Figure 1e where temperatures in the IA are ∼10–20 K higher than in the TA. This
excess heating is related to the constant particle size of reﬀ = 1.4 μm used in the radiative transfer scheme.
Tests using a variety of diﬀerent reﬀ values show that decreasing reﬀ to 0.8 μm during autumn reduces the
daytime heating rates and nighttime cooling rates to values in line with those shown in Figures 2a and
2b, giving results only ∼2 K warmer than in the TA. Thus, the tropical clouds during autumn appear to be
composed of smaller particles than the ACB.
The other main biases above cloud-forming height are the negative temperature diﬀerences over the South
Pole in Figure 1d and over the North Pole in Figures 1e and 1f. These features (related to the polar warm-
ing) are also apparent in the free-running model and are not a direct result of cloud radiative eﬀects. The
inclusion of clouds improves the southern polar warming in Figure 1d through increased temperatures asso-
ciated with a stronger meridional circulation, but the polar warming in the TA has more of a poleward tilt
than in the CR or IA. While the magnitude of the polar warming in the Northern Hemisphere is improved by
including cloud radiative eﬀects, the tilt is altered, becoming more vertical than in the TA. This is the reason
for the negative temperature diﬀerences in Figures 1e and 1f. The remaining temperature biases are present
in both the IA and CR, and are not impacted by cloud radiative eﬀects. The cold biases over the summer
poles in Figures 1d and 1f and the low-level north polar warm bias in Figure 1e are related to the dust dis-
tribution in the model, while the upper atmosphere warm bias in Figure 1d is related to the modeled tides.
These are not discussed further here, as the focus of this paper is on the radiative impact of clouds.
To investigate the performance of the IA outside the three periods discussed so far, the zonal mean 3A.M.
and 3 P.M. equatorial temperatures in the CR and IA were compared with the TA for the whole of MY 30 (the
polar hoods were not investigated as they have little radiative impact). The TIA − TTA results are shown in
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Figure 4. Zonal mean 3A.M. and 3 P.M. temperature diﬀerences at the equator between the (a and b) IA and TA and
the (c and d) CR and TA. Data are smoothed with a boxcar smoothing over 2◦ of LS. Black contours show log10 (infrared
density-scaled water ice opacity) at −3.5 and −2.5 log units.
Figures 4a and 4b and the TCR − TTA results are shown in Figures 4c and 4d. Note that there are no MCS data
available to assimilate until around LS = 20◦, and there is a 5 sol gap in the data around LS = 150◦.
It can be seen that there are cold biases of up to 20 K in CR which follow the locations of the assimilated
clouds. The IA greatly improves the cold biases, with the best agreement with the TA occurring between
∼10 and 100 Pa. There is little change in the temperature structure between the CR and IA below around
100 Pa. The warm biases at and above the cloud tops between LS = 150◦ and 360◦ (and particularly around
LS = 180◦) are the result of the ice particle eﬀective radius of 1.4 μm being too large. Better agreement with
the TA is obtained when using reﬀ = 0.8 μm for these high-altitude clouds. There is little change to the warm
biases that can be seen in the CR above ∼3 Pa between LS = 30◦–150◦ and LS = 230◦–330◦, though the IA
makes the biases slightly warmer due to the emission from clouds. These biases are not directly related to
clouds and are possibly the result of an incorrect representation of tides.
Periods where the cold bias in the CR disappears (around LS = 240◦ and 330◦) correspond to the presolstice
and postsolstice dust storms. The convergence of the CR toward the TA shows that dust storms signiﬁcantly
reduce the impact of clouds on the atmospheric temperature. In the IA, temperatures are too warm dur-
ing these periods. Taking the ice opacity observations to be correct, this may be because of a decrease of
the ice particle size during the dust storms, which would result in reduced heating. Such a situation is not
accounted for in the IA when using a constant ice particle eﬀective radius of 1.4 μm.
It can also be seen in Figures 4a and 4b that the IA achieves a better agreement with the TA during the
daytime than the nighttime. In particular, at 3 A.M. there is a cold bias centered at roughly 50 Pa between
LS = 30◦ and 150◦, revealing that the IA is too cold at this time. As described by Wilson et al. [2014],
tide-induced vertical velocities between 20 and 100 Pa in the tropics are downward, resulting in adiabatic
warming. This tide response is enhanced through cloud forcing [e.g., Kleinböhl et al., 2013; Wilson and
Guzewich, 2014], suggesting that thicker nighttime clouds are present than are included in the assimilation.
5. Conclusions
Assimilations of MCS temperature and ice opacity proﬁles have been performed to investigate the radiative
impact of water ice clouds. Tropical clouds are shown to produce local daytime heating rates and nighttime
cooling rates of ∼10–20 K sol−1 and ∼5 K sol−1, respectively. The diurnally averaged result is an increase in
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atmospheric temperatures by ∼10–15 K at the 10 Pa level, broadly in agreement with the results ofWilson
et al. [2008] and Madeleine et al. [2012]. This study extends above the 10 Pa level and shows that clouds
directly increase tropical atmospheric temperatures up to around 1 Pa. An ice particle eﬀective radius of
1.4 μm provides good results for the ACB radiative eﬀects during the day, with temperatures in the IA only
a few K diﬀerent to the TA. For high-altitude tropical clouds during northern autumn, a better match with
the TA occurs when using reﬀ = 0.8 μm, suggesting that these clouds are composed of smaller particles
than the ACB. Thicker clouds are likely required to match the nighttime temperatures in the TA. Polar hood
clouds only have a small radiative impact because of their low density-scaled opacities and less signiﬁcant
absorption of upwelling radiation.
Clouds also have an indirect eﬀect on the atmosphere, with the strengthening overturning circulation
increasing polar warming temperatures by ∼6–8 K. Jet speeds are also modiﬁed by changes to the
meridional temperature gradient. The cores of the winter westerly jets increase by ∼10–20m s−1, while the
equatorial easterly jet weakens by ∼60m s−1 (compared to a cloud-free atmosphere). The changing circu-
lation also leads to the redistribution of atmospheric constituents, with increases in tropical dust amounts
raising temperatures by ∼2 K between 1 and 10 Pa.
While the radiative impact of clouds has led to improvements in the modeled atmospheric temperature
structure, there are still some biases present. Many of these can be improved using diﬀerent ice particle
eﬀective radii in the radiative transfer calculations, but some are related to the dust distribution and
modeled tides. It should also be noted that the MCS retrievals assimilated here do not account for the most
optically thick clouds, and this may play a role in the remaining temperature biases. Future work will make
use of updated MCS retrievals and will couple the assimilation to a model including an active water cycle.
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